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By an  agreement  between t h e  Department o f  Defense  and  t h e  
N a t i o n a l  A e r o n a u t i c s  and  Space A d m i n i s t r a t i o n  c o n c e r n i n g  
t h e  n o n m i l i t a r y  a p p l i c a t i o n s  of t h e  T r a n s i t  ( p r e s e n t l y  
ca l led  Navy S a t e l l i t e  Nav iga t ion  Sys tem) ,  t h e  NASA s h a l l  
have f u l l  r e s p o n s i b i l i t y  f o r  governmental  d e t e r m i n a t i o n  of 
t h e  s u i t a b i l i t y  of T r a n s i t  n a v i g a t i o n a l  equipment  t o  meet 
n o n m i l i t a r y  n a v i g a t i o n  r e q u i r e m e n t s .  I n  o r d e r  f o r  NASA t o  
conduc t  i t s  e v a l u a t i o n ,  and  because  of t h e  lack  o f  a 
su i t ab le  v e s s e l  t o  house  t h e  n a v i g a t i o n a l  equipment ,  arrange- 
ments  were made f o r  t h e  U . S .  Coas t  and  Geode t i c  Survey  
of t h e  Envi ronmenta l  S c i e n c e  S e r v i c e s  A d m i n i s t r a t i o n  t o  
perform t h e  required tests. 

T h i s  r e p o r t  c o n t a i n s  t h e  resul ts  of t h e  use of t h e  Navy's 
N a v i g a t i o n a l  Sa t e l l i t e  as a n a v i g a t i o n  aid t o  a n o n m i l i t a r y  
s h i p  o p e r a t o r .  

. 

PkECEDING PAGE BLAidK NOT FILMED. 
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INTRODUCTION 

I '  

ik 

The Navy Sa te l l i t e  Navigation System was developed by the  Applied 
physics Laboratory of Johns Hopkins University for the United States 
Navy. The specific purpose of the system is t o  provide a navigation 
position f ix of a ship from data received fron a s a t e l l i t e  i n  orbit. 

The United States  Coast and Geodetic Survey purchased one set of ship 
board gear fron the Navy i n  order t o  evaluate the accuracy of the ;syeterp 
for possible use i n  oceanographic survey work. 
sists basically of a radio receiver and a cmpiter ,  plus supporting 
hardware. 
UScSeCSS PIOIEER fo r  use and evaluation. 

Accordingly, Ensign Frederick G. Paulsen and Chief Electronics Technician 
Lyle C. Work of the PIONEER were assigned t o  the Applied Physics Labor% 
tory of Johns Hopkins Univerjity for E: one-and-ob-half week course i n  o p  
eration and maintenance of the system. 
s ta l led  aboard USC&csS PIONii on 4 t o  6 Nay 1965. 

The shipboard gear con- 

The s a t e l l i t e  navigation system was t o  be placed aboard the 

Follaririg this the system w a s  in- 

The PIONEW w a s  assigned a special  project, OPR-457, the specific pur- 
pose being to evaluate the Navy Sa te l l i t e  Navigation System for possible 
use i n  survey work. 
home port, Oakland, California, on 6 July 1965. 

T h i s  project lasted u n t i l  the F'I0Nl%3R1s return t o  

This report  gives a brief description of the system and a d e t a i l e d g a l y s i s  
of the accuracies obtained. The report describes the requirements f o r  o p  
erat ion of the system and the problems encountered. Evaluation of its use- 
f s l e s s  i n  survey work is also made, along with recommendations for  future 
use . 

V 
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Th IJaVy s 

DZSCRIPTION OF NAVY SATELKTO N A V I W I O N  SPSTlDi 

t e U l t e  Havigation S y s t e m w a s  instal led aboard WXGSS 
P I O m  i n  Oakland, California f r o m  4 Hay 1965 to 6 &fay 1965, 
first position fixes w e r e  taken on 6 liay 1965, and the system w a s  
declared operational. 
i n  Oakland from 6 M a y  1965 to 18 Nay 1965 t o  &take f ixes  and train 
off icers  i n  using the system fo r  navigation. Underway fixes w e r e  
first taken on PIONEEWs Oceanographic E q u i p n t  Evaluation Range 
from 18 t o  21 May 1965. Upon the PI!)=’S return to  Oakland, fixes 
were again taken w h i l e  alongside, for use in estabxshing probable 
accuracy to be expected using the system, 

The 

The gear was used alongside Clay St ree t  Pier 

On 1 June 1965, PI0Nh;W departed Oakland, California on Project 
OEt-457, a series of tracklines including K o d i a k ,  Adak, and A t t u ,  
Midway Island, Johnston Island, and Honolulu, H a w a i i  as ports of 
ca l l ,  and returning to  Oakland on 6 July 1965, 
lites, # 63041 and # 03164, were used during the en t i re  period of 
evaluation. 

Two orbiting Satel- 

Descrizdiion of Eaui.oment 

The Navy S a t e l l i t e  Navigation System shipboard ins ta l la t ion  con= 
sists of a receiver un i t  and attendant antenna and amplifiers, a 
computer for processing data received, and a printer-control head 
unit, 

The systan receives and in te rpre ts  signals on two frequencies trans- 
mitted by the  s a t e l l i t e ,  The nain frequency, 400 megacycles, is the 
f‘requency upon which Doppler counts and o r b i t a l  parameters are re- 
ceived f’rom the satellite. 
ing the pulse differences between a very precise crystal osc i l l a to r  
i n  the receiver, and the 4OO-ntegacycls signal transmitted by a ,are- 
c ise  crystal. osc i l la tor  i n  the satellite, Over a tvo-minute inte- 
val, which i s  timed by a tonal signal f r o m  the satellite, the corn- 
.outer sums the frequency difference it measures. 

The Doppler counts are obtained bj count- 

Superimposed on the 400-megacycle signal by phase-modulation are the 
o r b i t a l  parameters required for the computer t o  determine the exact 
posit ion of the satellite at the beginning and ending of the t w o -  
minute periocb. 

A secondary signal, 150 megacycles, is used as an atmspheric refraol 
t i o n  correction to  the 4oO-megacycle Dopplsr counts. The 150-mega- 
cycle signal is ,put through multiplying and dividing c i r cu i t s  t o  be 
corn-prable t o  the 400-inegacycle signal. In t h i s  conparison the di f -  
ferences between the two signals a r e  measured, and pulses are e i the r  
added t o  or  subtracted from the Doppler counts, com,pensa%ing for at- 
mospheric refraction variations i n  the Dop2ler counts. 

The printer-control h a d  unit -mints out digitally information re- 
ceived through the receiver and the caqu te r ,  
cont ro l  and monitor operations of the receiver unit, 

It is also used to 

1 



The qomputer stores the data received from the receiver, accepts 
and stores information entered manually, and computes the position 
fix. It also computes Ilalerts", which are future times when the 
s a t e l l i t e  w i l l  be above the horizon again and usable fo r  a position 
fix. The computer is controlled i n  i t s  operations by a punched tape 
program which is read in to  the computer during every fix. 

Operation of the System 

A brief description of the steps involved i n  obtaining a position 
f ix  with the Navy S a t e l l i t e  Navigation System is helpful i n  ev& 
uating the usefulness of the system. 

With the computer program tape used during Om-457, the operator 
was required to: 

1, %ock onto" the sa t e l l i t e .  T h i s  involves knowing approximate- 
ly w h a t  time the s a t e l l i t e  w i l l  come up above the horizon and 
searching the frequency range using the control head u n t i l  the 
continuous tone of the s a t e l l i t e  is heard i n  the attached ear- 
phones. 
more exactly on the sa t e l l i t e ,  descending to  a Ilnulln as exact 
turning is  achieved. The receiver is  locked on this "null" by 
a switch on the control head and then tracks the satellite 
cutomatically. 

The tone descends i n  frequency as the receiver is  tuned 

2. S t a r t  the computer program tape at  the beginning. T h i s  enables 
the computer t o  receive data from the receiver, which i 3  then 
stored i n  the computer memory and simultaneously printed out 
by the printer. 

3. When the s a t e l l i t e  goes below the horizon, push two buttons on 
the conputer, "Reset" and ~S ta r t ' l .  This feeds more punched 
tape program in to  the computer, allowing it t o  evaluate the 
orb i ta l  data received and r e j e c t  any errors  it detects. 
information received has a l l  been repeated a t  l e a s t  three times, 
and the computer i s  able t o  detect  and r e j e c t  individual errors,  
which gives i t  correct data with which t o  compute the fix. 

The 

4. Enter data manually. To compute a fix, the computer must have 
an estimate of s h i p s  la t i tude;  ship's  longitude; the height 
of the antenna above or  below the e l l ipso id  upon which the com- 
puter solves the fix; Greenwich t i m e  during the pass of the 
s a t e l u t e ;  eas t  component of sh ip ls  velocity; north component 
of ship's velocity; and a one-digit entry which t e l l s  whether 
o r  not the ship was on constant course and speed during the 
s a t e l l i t e  pass. 
fix, giving one fix per s a t e l l i t e  pass. 

The computer then computes the navigational 
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5. After transferring the fix t o  paper, apply the necessary 
corrections t o  convert the lat i tude and longi&de of the solution 
fra the "dpL Ellipsoid" on which the computer solution is 
based, t o  the North American Datum on which C&GS charts for the 
Continental United States and Alaska are based, 
ves a visual  scaling and interpolation between point corrections 
on a small-scale chart for both l a t i tude  and longitude. 

T h i s  invol- 

A copy of the chart used in these corrections is  included 
i n  this report  for  inspection. 
by the Applied Physics Laboratory of Johns Hopkin8 Univers- 
i t y  fo r  the points plotted. 

The values w e r e  supplied 

6. Plot the f i x  on the chart. 
Latitude and longitude. 

This involves only a plot by 

Svstem Data Inmts  and Outwta 

The Navy S a t e l l i t e  Navigation System requires that the receiver be 
'locked on" to the satellite f o r  at l eas t  three two-minute inte- 
vals during a pass. This establishes a mixbum t i m e ,  six minutes, 
that the satellite must be above the horizon and the signal strong 
enough to receive, 
be readable for  about eight minutes, unless by l u w  coincidence 
one of the two-minute 'beeps" comes immediately after locking on, and 
one of the "beeps" comes immediately before losing the signal. The 
satellite sonetimes is above the horizon but too low to be readable 
fo r  the'required time, and the required data for  a fiX is not obtain- 
ed. 

However, i n  practice the satellite usually must 

The three two-minute intervals  do not need t o  be consecutive d u r a  
the pass. 
and regained one or even two times, and the computer w i l l  still  re= 
ceive enough data to compute a fix if three complete intervals  can 
be received. 

T h a t  is, during a pass of the satellite, lock may be l o s t  

The computer m u s t  solve for la t i tude of $he fix, longitude of the 
fix, and the actual difference i n  Pequencies oT the crys ta l  oscil- 
lators in the satellite and receiver--"offset frequencp. 
complete two-minute intervals are required t o  furnish the three 
equations necessary to e l v e  fo r  the three unknowns. 

Each two-minute i n t e r v a l f b d s h e s  a Do2pler count plus the position 
of the satellite a t  the "beeps' which form the ends of the interval. 
The Doppler count plus the s a t e l l i t e  positions define a hyperboloid 
fixed in three-diaensional space. 
upon which the ship must have been to  have received said Doppler 
counts. 
and the ship. 
boloids and intersect  them at  the height 02 the antenna above the 
ea r th ' s  surface as represented by the APL Ellipsoid. This is the 
reason for the m a n u a l  data entry of antenna height. 

Three 

T h i s  i s  the mathematical shape 

The Doppler counts define relat ive inotion of the satellite 
The conputer must form at  l e a s t  three of these kqtper- 
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The r e s u l t  of this i s  a single point f i x  for  the pass of the satel-  
Ute.  T h e  computer is  programd t o  solve this navigational f i x  as 
or̂  four minutes af ter  the f i r s t  %eepn s ta r t ing  the first complete 
two-minute interval.  T h i s  solution time remains the same even if 
lock is l o s t  on the s a t e l l i t e  during the pass, and allows the o p  
erator to  obtain a simultaneous fix with other means of control for 
comparison with the s a t e l l i t e  fix. 

The data received from the s a t e l l i t e  must be accurate for  use by 
the computer, so there is  programmed in to  the computer a%ajori- 
t y  voten procedure. 
lite every two ,minutes, the computer, by this "majority vote" pro- 
cedure, can reject incorrect d ig i t s  which may have been received 
because of weak signal strength or other reasons. 

Since the infornation is repeated by the satel- 

The infornation entered manually into the computer must also be 
accurate within cer ta in  limits i n  order that the computer may ar- 
r ive  a t  an accurate fix. 
not too c r i t i c a l  and can be i n  error by as much as one hundred miles. 
A one-meter error  i n  tho antenna height produces approximately four 
meters error  i n  the position fix. 
i n  12 minutes of the time of fix, and has no e f f ec t  on f i x  accuracy 
w i t h i n  this limitation. 
not as c r i t i c a l  as the north component of ship' s velocity, which pro- 
duces an error i n  the f i x  of 0.2 miles for  every knot it is i n  error. 
These figures were supplied by Am, of Johns Hoplcins University, and 
no attempt has been made t o  verify them. No accurate evaluation of 
these is possible with the shipboard gear because of the masking ef- 
f ec t  of  random error  i n  the system. 

The la t i tude and longitude estimate is  

The time entry must only be with- 

The eas t  component or' sh ip ' s  velocity i s  

- 1  

I 

4 



5 



4 

ANTENNA HEIGHT CORRECTIONS 

Instructions for Use: Find ship's position, interpolate on t h i s  
chart for actual earth's surface correction. Then, for PIONEER, 
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Clay Stree t  Pier. Oakland. California: 

A comparatively large number of f ixes  using the s a t e l l i t e  system 
was obtained fron the period 6 Kay 1965 to 1 June 1965, before de- 
parting on 0,3l-457. 
t ion and to keep the "alerts" up to  date. 
ed for evaluating the range of accuracies to be eqpected of the 
system for  in-port fixes. 

These were obtained both for  o-prator bs+-- 
These f ixes  were analyz- 

The well-established location w i t h  respect t o  geodetic triangula- 
t ion  and the large number af fixes obtained make this evaluation 
especially valuable for coqprison with f ixes  obtained i n  other 
ports . 
Attempts were aade t o  obtain sixty-three fixes, and f i f t y  eight 
f ixes were actually obtained, for  a success percentage of 92%. Of 
the f ive failures, two were due t o  apparent computer malfunctions, 
one t o  operator error,  and two t o  the pass angle being toblow. 
(See "Tabulation of S a t e l l i t e  Data") . 
The m i n i m u m  error of the fifty-eight f ixes  obtained w a s  O.Olmiles, 
or 60 feet. 
of the f i f ty-eight  obtained. 
miles on one fix. 
the system, as the next greatest  error observed was 0.53 miles. 
(See Graph Number 1) 

T h i s  magnitude of error  was achieved on two fixes out 
The maximum e r ror  observed was~1.07 

However, t h i s  is not a t  all a typical error of 

The average error  fo r  the en t i re  fif ty-eight f ixes was 0.16 m i l e s .  
31;% of the fixes observed had errors  of less than 0.10 miles, 74% 
had er rors  of less  than 0.20 m i l e s ,  and 88$ of the fixes had errors  
of less than 0.25 miles. 

The accuracy was not related t o  &pass angle (the maximum a l t i tude  of 
the s a t e l l i t e  above the horizon during a pass) until a c r i t i c a l  value 
02 approximately 70' w a s  reached. 
w a s  i n  error more than 0.30 miles. Above 700 Pass angle, half Of ths 
f ixes  observed were over 0.30 miles i n  e r ro r  and half were as accurate 
a s  those fixes having less than 700 pass angle. (See Graph Nmber 2). 

Below a pass angle of 700, no fix 

The geometry involved i n  the solution produces the large errors  for  
high pass angles. A high pass angle places the ver t ices  of the hy- 
perboloids of solution very near the position of the ship, thus mak- 
ing the hyperboloids intersect  a t  very shallow angles t o  one another 
t o  form the fix. T h i s  causes the  sane type of error which is Ukelg 
t o  occur when intersecting l ines  or" position cross a t  shallow angles 
with other means of control. 
the fix a re lat ively great distance. 

A small error i n  the l ines  willinove 
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The magnitude of error  did not seem t o  correlate appreciably with 
the azimuth of the error. 
was no greater i n  any one direction than i n  any other. 

(See Graph Nu?ber 3) That is ,  the error 

The Oakland errors varied i n  a l l  directions, with a s l igh t  prefer- 
ence for 20CPto 320° i n  azimuth. There was a 
s l ight  trend within t h i s  range, indicating perhaps some systematic 
errors  within the system o r  tha t  the Am, Ellipsoid is  not correctly 
referenced t o  the North American Datum. 
investigated t o  determine its cause. 

(See Graph Iiaber 4) 

T h i s  s l igh t  trend should be 

T h i s  trend i n  azimuth i s  not related t o  the s a t e l l i t e  observed or 
t o  the pass angle. 
Ute pass, North-toSouth or South-to-North, although many South-to 
North passes were observed i n  proportion t o  the North-toSouth passes 
observed. 
merely due t o  the coincidence of the passes coning when more people 
were awake. 
t o  come during the s m a l l  hours of the morning. 

Neither s a t e l l i t e  of the two used was more accurate than the other. 
They gave apnroximately the same errors  both i n  magnitude of error  
and aainuth OP error. 

It may be related t o  the direction of the satel- 

T h e  preponderance of South-to-North passes observed was 

The North-to-South passes during this period happened 

However, on certain consecutive passes of the same sa t e l l i t e ,  a trend 
i n  both azimuth and magnitude of errors  was noticed. 
t i on  of Sa te l l i t e  Data", Fixes Number 21-22, 28-29, 39-31, 34-35, 
42-43, 46-47, 53-54, and 57-58). T h i s  may possibly be due t o  errors  
i n  the predictions of the s a t e l l i t e s  orb i t  for  t ha t  period of tine. 
If th i s  is so, it may indicate a need for  recomputing f ixes  from or- 
b i t a l  figures, published later, i n  order t o  improve accuracy of fixes. 

(See "Tabula- 

The Oakland dockside ser ies  of f ixes  w a s  used i n  assessing whether or 
not l a t e r  f ixes i n  other ports looked llgood" or not. 
l ished the approximate limits of var iab i l i ty  due t o  the system i t s e l f ,  
and the quality of  data t o  be expected. 

T h i s  series estab- 
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. T A B W O N  OF SATEUZTE DATA 

Fixes alongside Clay Street Pier, Oakland, California 
6 Hay 1965 t o  1 June 1965 

BIT Fix 
Tim NO. - -  
1820 1 
2254 2 
0514 3 
069 4 
1826 5 
2003 - 
2212 6 
2348 - 
0516 - 
06% 7 
2014 8 ow 9 
1827 10 

2216 ii 
1830 12 
2022 13 
2132 14 
2315 15 
0106 - 
0703 16 
1655 17 
1035 10 
2020 - 
2230 19 
0707 20 

1658 21 
1840 22 
2146 23 
1703 24 
2243 25 
2056 26 
219 27 
1710 a 
1050 29 
2116 30 

Sate l l i te  Direct. Pass Az. of Error 
Nunber of pass An& Error (naut.mi.) 

03164 S-N 37 O 2380 0.10 
63041 S-N 37 O 2220 0.20 
03164 N S  060 3230 0.14 
03164 Ns 660 0850 0.11 
03164 s-I 420 2709 0.01 
C o m p t e r  malFUnction--did not settle on fix 
63041 S-N 17 3060 0.14 
Camplter malf’unction--did not settle on fix 
Operator error-entered local t i m e  
03164 N 4  82 0 0800 
03164 S-N 19 O 2680 
63041 S-N 23 O 2060 
03164 S-N so 0480 

63041 S-N 250 2610 
03164 S-N 6 9 0  065 
03164 S-N 140 2 4 7 O  
63041 S-N 110 2100 

03164 N S  610 353 O 

03164 S-N w 0  1500 
03164 S-N 800 083O 

63041 SIN 37O 193 O 

63041 S-N 75 117O 
Lcru pass angle-weak signal 

Law pass angle-not enough intervals 

03164 N S  31 017O 

03164 
03164 
63041 
03164. 
63041 
03164 
63041 
03164 
03164 
630111 

S-N 
S-N 
S-N 
S-N 
S-N 
S-N 
S-M 
S-N 
SIN 
S-N 

110 
840  
17 O 
140 
5Jto 
61 0 

25 O 

19 
53 
110 

2280 
259 O 

3 2 2 O  
2460 
2120 
239 ’ 
270 O 

2110 
228. 
317O 

0.31 
0.12 
0.21 
0.07 

0.11 
0.09 
0.10 
0.02 
0.04 

0.12 
0.03 
1.07 

0.27 
0.10 

0.04 
0.53 
0.07 
0.09 
0.18 
0.16 
0.06 
0.20 
0.17 
0.17 
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TABULATION OF SATELLITE DATA 
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Fixes alon side Clay Street Pier, Oakland, California 
May 1965 to 1 June 1965 -- (continued) 

Julian 
Date 

135 
136 
136 
137 
137 
137 
137 
141 
141 
142 

142 
143 
143 
143 
14J.4 
145 
145 
145 
146 
147 

147 
148 
148 
148 
148 
149 
152 
152 

- W E i x  
Time No. 

2304 31 
0046 32 
2212 33 
1716 34 
1858 35 
2126 36 
2310 37 
1732 38 
2152 39 
0420 4.0 

2108 41 
0424 42 
0606 43 
2206 44 
2306 45 
1614 46 
1742 47 
2220 48 
1610 49 
20% 50 

21% 51 
OW 52 
1614 53 
1758 54 
2148 55 
2248 56 
2032 57 
2216 58 

-- Satellite 
Number 

63041 
63041 

03 164 

63041 
03164 
63041 
03164 

63041 
03 164 
03 164 

63041 

03164 

63041 

63041 
63041 

63041 

03164 
03 164 

03164 
63041 

03164 
03 164 
03 164 

63041 

63041 

63041 
63041 

63041 

Direct . 
of Pass 

S-N 
S-N 
S-N 
S-N 
S-N 
S-N 
S-N 
S-N 
S-N 
N S  

S-N 
N S  
N S  
S-N 
S-N 
S-N 
S-N 
S-N 
S-N 
S-N 

S-N 
B S  
S-M 
S-N 
S-N 
S-N 
S-N 
S-M 

Pass 
Annle 

77 O 

15 O 

37 O 

25 O 

37 O 

17 O 

6 4 0  
43 O 

3 8 O  
100 

18 0 

120 
71 O 

56 O 

47 w 0  
71 O 

81 O 

110 
180 

39 O  
240 
160 
57 O 

5 7 O  
47 O 
160 
70 O 

Az. of Error 
Error (naut. m i . )  - 
341 
300 0 

2100 
2200 
2140 
162 O 

293 O 

247 O 

2120 
0160 

31 1 O  
007 O 

092 O 

2140 
270 O 

345 O 
022 0 

0 8 8 0  
208 O 

319O 

2130 
234O 
2070 
2080 
2180 
2900 
327 O 
292 0 

0.15 
0.10 
0.17 
0.22 
0.15 
0.29 
0.20 
0.05 
0.22 
0.07 

0.15 
0.09 
0.44 
0.21 
0.10 
0.02 
0.09 
0.27 
0.08 
0.15 

0.17 
0.01 
0.15 
0.17 
0.17 
0.09 
0.12 
0.24 
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* Pacific Oceanomaphic Eauiunent Evaluation Range: 

The first underway f ixes  aboard the PIONBR were obtained fkom 18 t o  
21 May 1965 w h i l e  running the gravity range w i t h  Shoran Control, and 
while underway to'and from the range with visual or Radar Control. 

The fixes obtained and the following analysis of t h e m  formed the 
basis for  a later leve l  of confidence i n  underway fix-talcing using 
the s a t e l l i t e  gear, 

Nineteen fixes were attempted on t h i s  run and seventeen fixes obtain- 
ed, fo r  a success percentage of 9%. 
t a i n  fixes w e r e  operator error  i n  failing t o  note a course change 
during a satellite pass, and com&mter or receiver malfunction thought 
t o  be due t o  Shoran interference, Three more fixes are unavailable 
fo r  analysis due t o  failure of SirniLtaneous control. 
fourteen f ixes  are included i n  the underway evaluation on this run, 

The reasons for  failureb o b  

Therefore only 

The Shoran transmitter thought t o  be interfering on the one pass w a s  
l a t e r  found faul ty  and removed from service. Another transmitter 
was substituted, no interference was noted, and no malfunctions were 
caused. 

Of the fourteen fixes evaluated, the mean error w a s  0.22 miles; eleven 
fixes,  or 7%, were less than 0.30 miles i n  error. 
3) .  
out of the fourteen fixes, 

(See Graph Number 
The minimum er ror  observed was 0,04 miles, achieved three times 

It is t o  be noted tha t  the smaller errors were observed mainly when 
making comparison with Shoran Control, and most of the larger errors  
were observed w i t h  Radar Control as comparison. 
by the average e r ror  upon comparison with Shoran Control, 0.17 miles, 
and the average emor upon comparison with Radar ,  0.30 miles. It is 
szen that the average e r ror  upon comparison w i t h  Shoran, which is very 
accurate, agrees very w e l l  with the average error observed alongside 
C l a y  Stree t  Pier, O&land. It also indicates t ha t  Radar fixes are not 
comparable i n  accuracy, and some of the error  i n  comparison may be 
placed i n  the Radar fixes. 

T h i s  may be shaun 

The accuracy again w a s  not direct ly  related to pass angle.  
N u m b e r  6 )  
02 these produced any greater e r ror  than those below 700, 

The magnitude of the e r ror  correlated t o  a very s l igh t  degree with 
the azimuth of the error. The Larger errors 
a l l  were i n  a southerly direction, but the number of observations i s  
not suff ic ient ly  large t o  make any conclusion. 

The direction of pass of ths satellite, n m h t o - s o u t h  or south-to- 
north, had no observable effect on ei ther  magnitude or  azimuth of 
error. (See Gra?h Number 7) Reither satellite w a s  more accurate 
than the other. 

(See Graph 
Three pass angles greater than 700 were observed, and none 

(See Graph Nmber 7 )  

1 5  



Course and speed of the ship had no noticeable effect  on the quali ty 
of the f i x  obtained, as long as the components of ship's  velocity 
were correctly entered by the operator. 

Azimuth of the errors i s  randomly distributed, rio direction having a 
great preponderance of the errors. (See Graph Number 8) 
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San Francisco, California t o  Kodiak, Alaska: 

The PIOIiiBR, o n a s  run from San Francisco t o  Kodiak from 2 June 1965 
t o  7 June 1965, attempted sixty-seven f ixes  and obtained fifty-two, 
fqr a completion percentage of 7&$. 

O f  the fif tnen f ixes  missed, f ive were caused by computer malfunctions, 
probably due t o  e i ther  sudden voltage changes i n  the power, or due t o  
t ape  reader head malfunction. Three missed f ixes  were caused by o p  
erator  error i n  entering data, and one was caused by operator error i n  
mounting the program tape on the computer. Three misses were caused 
by low pass angles, and one caused by losing lock on the sa t e l l i t e ,  
probably due t o  shading by the ship 's  mast. 
wefe due t o  two s a t e l l i t e s  being above the horizon a t  the sane time, 
one s a t e l l i t e  useful and the other fau l ty  but s t i l l  broadcasting the 
audible signal. 
i n  these cases, receiving scrambled data. 

As operators received more instruction and became more familiar with 
the gear, the number of  operator-caused failures was substantially 
reduced. The operators became more sk i l l ed  i n  mounting the tape, 
performing proper data entry, and recognlaing scrambled data received 
from a satellite, i n  order t o  search again and lock onto an operative 
sa te l l i t e .  

The other two missed f ixes  

The operator erroneously locked on the faulty satellite 

Comparison of the s a t e l l i t e  f ixes  for observable e r ror  was made with 
Loran A on t h i s  leg of the cruise. 
It was noted that  the Loran A, while usually i n  the general area of 
the s a t e l l i t e  f ix ,  was not consistent i n  i t s  differences with the sat- 
e lUte fixes. A t  the same t i m e ,  it was noted tha t  the s a t e l l i t e  f ixes  
agreed very w e l l  among 
For these reasons, and because of the leve l  of accuracy previously 
achieved by the s a t e l l i t e  gear i n  the trial run on the Pacif ic  Oceano- 
graphic Equipent  Evaluation Range, it was decided that the nost ac- 
curate smooth-plot o f  the trackline could be made by using the sat- 
e l l i t e  fixes. 

(See Wabulztion of S a t e l l i t e  Data") 

themselves on both a speed and corse basis. 

Therefore the s a t e l l i t e  f ixes  were used as the primary basis of con- 
t r o l  for this trackline. Comparison w a s  made continually with the 
Loran A i n  th i s  plot  t o  be cer ta in  it stayed in general agreement. 
However, the fluctuation i n  agreement of s a t e l l i t e  and Loran A fixes 
is believed t o  be due t o  the variance of the b r a n  A much more than 
the error of the s a t e l l i t e  f ixes.  

The I1Tabulation of S a t e l l i t e  Data", however, i s  arranged on the basis 
of where the s a t e l l i t e  f ix  was in re la t ion  to conventional control, - or  smooth-plotted positions which d i f fe r  from the s a t e U t e  fixes. 
This format is  followed throughout the tabulations i n  t h i s  report, fo r  
t h i s  trackline and a l l  others, notwithstanding t h a t  on the  open ocean, 
the sa t e l l i t e  f i x  was f e l t  t o  be the best estimate of actual  ship 's  
position. 

V 
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S i x  s a t e l l i t e  f ixes  were not used the f i n a l  smooth-plot on this 
l eg  of the cruise. These were far enough i n  e r ror  i n  re la t ion  t o  
the reminder of the f ixes  tha t  they were detectably erroneous. 
these, four are e i ther  very high passes, or very low passes where 
reception is  weak and the Doppler count subject t o  errors. 
f ixes  not  used i n  the smooth-plot had an averege error  of 1.21 miles. 
The la-gest  error  observed on these was 1.91niles,  on a pass having 
a pass angle of 81'. 

O f  

The six 

The forty-two fixes which were coEpared with Loran A had an average 
e r ror  of 0.45 . n i b s  i n  re la t ion t o  the position indicated by the Loran 
A. 
mentioned, are believed due largely t o  variance of the h r a n  A. 
error  figure therefore is not considered serious, but r e f l ec t s  more 
the quali ty of Loran A. 

The azimuths of the errors  were not systematic, and as previously 
The 

The s a t e l l i t e  system checked very well within itself for  a large 
number of fixes. 
ainly more eas i ly  plottable, trackline w a s  made possible by the sat- 
e l l i t e  navigation system. 

It is believed that a much more accurate, and cert- 

Dockside. K o d i a k .  Alaska: 

The PIONEER attempted four s a t e l l i t e  fixes on 7 June 1965 w h i l e  moo- 
ed a t  Kodiak, Alaska. Three satellite f ixes  were obtained, the four- 
t h  not obtained because the pass angle was too low. 

The ship 's  position was established with three-point sextant fixes 
v d  the s a t e l l i t e  f ixes  compared with this .  
with the aharted position of the ship, having an average e r ror  of 0.10 
miles. (See section of chart and "Tabulation of S a t e l l i t e  Data".) 
The largest  error  observed w a s  O.l.3 miles. 
not random i n  azimuth, the small quantity of fixes and low distance 
e r ro r s  make t h i s  f ac t  insignificant. 

Comparison was very good 

Although the e r rors  w e r e  

The accuracy of the satellite systen in Kodiak is  evaluated to be 
ent i re ly  satisfactory. 
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. Kodiak, Alaska t o  Ad&, Alaska: 

The PI31:&3R ran &om Kodiak t o  Ad& fron 8 June 1965 t o  11 June 1965. 
During this leg of the t r i p  thirty-eight f ixes  were attempted with 
th6 s a t e l l i t e  gear and twenty-seven were actually obtained, for  a 
success -percentage of '7s. 
Five of the eleven fa i lures  were due t o  low pass angle. T h i s  is a 
feature of the system over which there is no control, being merely 
a function of ship's  position and the o r b i t e l  character is t ics  of 
the sa t e l l i t e .  Two f ixes  were missed because of coqu te r  malfunc- 
tions, probably i n  the tape reader head. 
operator error  i n  data entry. 
U t e s  being audible at  the same t i m e ,  one non-functional and being 
locked onto instead of the functioning sa t e l l i t e .  
often i n  higher 1atitudeB because .tfib convergence of the sa t e l l i t e s '  
polar orb i t s  made the s a t e l l i t e s  usable more times a day than i n  h r  
lati tudes.  
s a t e l l i t e  being above the horizon at  the same t ime.  
tained more often than i n  lower l a t i t udes ,  though. 
due t o  losing lock too =any t i m e s  durixig the pass, probably due to  
shading by the ship's mast. 

Comparison of accuracy on this leg of the t r i p  w a s  made with smooth- 
plotted positions plotted by conventional aeans or control only. 
satellite f ixes  were not considered for this smooth-plot, but were 
plotted after the trackline was inked. 
the inked positions. The ttTabulation of S a t e l l i t e  Data" was again 
made up assuming the s a t e l l i t e  fix t o  be always i n  error. 

The average error fo r  the en t i re  twenty-seven f ixes  conpared is  0.38 
miles, which does not compre very well with previous accurate com- 
parisons, I* is believed tha t  a breakdown in to  comparisons by dif- 
Terent ty,pes of control w i l l  give a more accurate evaluation. 

Two Tixes were l o s t  due t o  
One f ix  w a s  missed due to two satel- 

This happened more 

For t h i s  reason t i e r e  i s  a tendency for more than one 
Fixes were ob- 
One f i x  was missed 

The 

Comparison w a s  then made with 

Xighteen fixes were compared with positions determined by Radar 
Control, e i ther  alone or i n  combination w i t h  v i sua l  bearings. These 
comparisons have an average error  of 0.46 miles. 

Five fixes were conpared w i t h  positions d e t e r ' a d  by three-point 
sextant fixes, and these have an average of 0.19 miles. 
were conpared with positions determined by visual bearings, these 
having an average e r ror  of 0.13 miles. AveragiLg these seven fix 
comparisons together produces an average e r ror  of 0.17 miles for 
comparisons with t o t a l l y  visually determined positions. 
is very comparable t o  previous accurate determinations, and is  be- 
lieved t o  be the best estimate of underway accuracy available on 
the en t i r e  cruise. 
the v isua l  fixes w a s  0.40 dies. 

Two f ixes  

This fiwe 

The largest  error observed upon comparison with 

A conclusion is also forced: namely , tha t  Radar positions are not 
as accurate as visual  positions. 
range Radar readings canot be made on the actual  shoreline, and be- 
cause of individual differences, i n  operators of Radar. 

This i s  possible because long- 
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No celest ia l  'positions were possible because of' continual fog 
and clouds. 

Azimuth of errors  for  both visual  and radar f ixes  was not random 
as before. 
majority of fixes. The ship was on westerly courses during this 
leg, but any causal re la t ion remains unknown. 
type has been observed a t  any other time with t h i s  system. 

Dockside. Ad&. Alaska: 

Khile the PIONEER was mored t o  Dock No. 3, Ad&, on 11 June 1965 
and 12 June 1965, eleven s a t e l l i t e  f ixes  were attempted. 
obtained, low pass angle responsible fo r  one m i s s  and a computer 
malfunction, probably the tape reader head, fo r  the other. 

The ship's position was established with three-point sextant fixes, 
and the s a t e l l i t e  f ixes  compared very well  with this .  
ulation of Bate lUte  Data") 
the asinuth of the e r rors  was random. 
was 0.31 miles. 

Errors were i n  a generally easter ly  direction fo r  the 

No re la t ion  of t h i s  

Nine were 

(See "Tab 

The largest  e r ror  observed 
The average e r ror  was 0.15 iniles, and 

Liithin the limits of error  of the s a t e l l i t e  system, the position 
conparison w a s  favorable a t  Ad&. 

34 



. 

k 
3 q  

0 
8 .  

0 
Q 

: ?  
0 0 

4: 
0 0 

!I E o  

0 

0 ? s  1 G 
0 0 

0 R pc 
r 
0 

I 
I 

I 
I 

35 



5 

36 



. 

0 0 

0 0 
'? 'v. 9 

0 

4: 

n m 
t 
8 4  

m 

jl 
!i 

I 
I 

4 

x r  0 cv 3% 0 4 

d 

3 

37 



38 



s 
0 

5 
N 

m 
ol 

39 



40 



Ad&, Alaska t o  Attu, Alaska: 

The PIONEER ran from Adak t o  Attu on 12 and 13 June 1965, attempting 
thir teen s a t e l l i t e  f ixes  on t h i s  leg  of the cruise, Eleven of the 
thir teen were successful, resulting i n  fixes, for a percentage of 
85%. 
t o  oLperator error  i n  data entry, 

One missed fix was due t o  low pass angle, and the other w a s  due 

On this leg, as A~.OXI Kodiak to  Adak, the smooth plot  was accomplished 
before consider- the satellite data. The s a t e l l i t e  fixes were then 
plotted fro coxparison with the inked positions. 

The average error  for  a l l  fixes observed w a s  0.42 miles. 
down in to  averages by ty-ps  of comparison control gives much the 
same resul ts ,  though, as the Kodiak t o  Adak leg. 

A break- 

Seven fixes were conpared with radar fixes,  and these had an average 
error  of 0.53 r3ils~. 
t a n t  or visual bearing fixes, and these had an average e r ror  02 only 
0.19 miles, 
9.21 ?niles. 

Three f ixes  were compared w i t h  three-point sex- 

The largest  e r r o r  on cmparison with visual  f ixes  was 

The figure of 0.19 miles average error coqmres very w e l l  with pre- 
vious accurate underway comparisons and is  believed to be the best 
value available on this leg. 

The large errors  when compared with radar control again point out 
that the radar fixes may not be very accurate. 

No ce l e s t i a l  observations could be made on this l eg  because of fog. 

The aohuths  of the e r rors  were randoa on this leg  of thetrip.  

A t  Anchor, Kassacre Bav. Attu, Alaska: 

While anchored i n  Massacre Bay, Attu, on 13 and L!+ June 1965, PIONiXR 
attempted ten s a t e l l i t e  fixes. Successful fixes were obtained on a l l  
ten attempts, and these were compared with simultaneous three-point 
sextant fixes. (See section of chart and "Tabulation of Satellite 
Data" . ) 
The average eITQr of satellite positions w a s  0.16 miles, w h i l e  the 
smallest error observed w a s  0.02 miles, and the largest w a s  0.29 
miles. 
w a s  judged t o  give satisfactory results i n  Attu. 

The errors  were random i n  azinnrth, and the s a t e l l i t e  system 
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Attu, Alaska t o  Midtray Island: 

The PIONEER departed Attu, idaska on 14 June 1965 and arrived at  
Midway Island on 20 June 1965, having completed a trackline and 
several coring stations enroute. 
attempted on t h i s  leg and fifty-eight were obtained successfully; 
8% of  the fixes attempted were su6cessful. 

Seventy-one s a t e l l i t e  fixes were 

O f  the thirteen fixes not obtained, f ive were due t o  computer mal-  
functions; three of thse due probably t o  tape reader head problems, 
and two of  these due probably t o  sudden voltage fluctuations i n  the 
power supply, which was caused by the heavy winch used on coring 
stations. 
data and manipulating the computer. 
faulty s a t e l l i t e  and not having enough intervals  l e f t  on the good 
s a t e l l i t e  dter relocking. 
angle, and one was due t o  unknown causes-the printout tape w a s  not 
saved and no explanation was made on the computation form. 

On t h i s  leg of the t r i p ,  as on a l l  the remaining legs, the satell i te 
fixes were used i n  smooth-plotting, because it i s  f e l t  tha t  track- 
l i ne  accuracy was gained. The satellite fixes had proved t o  be very 
accurate up to  t h i s  point, and the standard means of control were not 
available with great accuracy. T h i s  i s  particularly true since both 
Loran C s e t s  had been out of service since the beginning of the cruise 
and therefore unavailable for  comparative purposes. Generally cloudy 
weather also precluded many astronomical sights. The Loran A was again 
quite variable, w h i l e  nonetheless comparing i n  a general way with the 
satellite fixes. 

Four f ixes  were missed due t o  operator errors  i n  entering 
Two were due t o  locking onto a 

One missed f i x  was due t o  a low pass 

Twenty-seven of the fifty-eight f ixes  obtained were not used i n  the 
smooth-plot, being eliininated by s m a l l  e r rors  i n  the speed and course 
analysis of f ixes  over a long distance. 
these were rejected, or error re la t ive  t o  the smooth-plotted position, 
is  0.27 miles, and the azimuth of these e r rors  was random. The larg- 
e s t  amount by which any were rejected w a s  1.05 miles, on a pass angle 

The average amount by which 

of 780. 

One sun l ine  was obtained for d i rec t  comparison, and the satellite 
f ix  had an error  of 0.05 miles when compared with this line. 

The sa t e l l i t e  fixes which were used i n  the smooth plot were cornpared 
t o  what Loran A was available, and the average of these comparisons 
i s  0.51 miles. However, as mentioned before, t h i s  i s  not believed 
t o  be a val id  expression of s a t e l l i t e  f ix  accuracy, but more so of 
Loran A accuracy. 

The sa t e l l i t e  system compared very w e l l  w i t h  a l l  means or" checking 
on th i s  leg of the cruise. 

Dockside. Mdww Island: 

While moored at Ididway Island on 20 June 1965 and 21 June 1965, 
PIONEER attempted eight s a t e l l i t e  fixes and obtained seven. One 
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. was missed due to operator error  in entering data. 

The accuracy obtained (See attached section of chart  and "Tabulrt-  
t ion  of? Sa te l l i t e  Data'') is samewhat different than previous results. 
While the f ixes  group about a single point as closely as before, the 
powt a t  Midway does not appear t o  be the charted position of the 
ship. The average e r ror  is larger than any previously obtained, and 
the azimuths of the errors  are not random. 

The average of the errors  is 0.24 miles; the smallest error  is  0.06 
miles, but the largest  error  is 0.38 miles. 
e r rors  are a l l  i n  a northerly direction, no satellite fix being south 
of the ship's charted position, 
than any obtained previously, and several hypotheses may be advanced 
i n  a t tempts  to explain these results. 

The azimuths of the 

These results are quite different  

The first hypothesis i s  tha t  the fiavy S a t e l l i t e  Navigation System is 
subject to special errors i n  this part of the earth. 
aboard the PIONFXR, but does not s e e m  t o  be a tenable theory i n  view 
of the nature of the system i t s e l f .  

This i s  not known 

The second hypothesis is that PIONEER'S gear w a s  performing improperly 
a t  the time. 
typical  grouping of the s a t e l l i t e  fixes. 
point as closely as the in-port fixes previously taken i n  any port, even 
if  th i s  point is not the oharted position of the ship. 

T h i s  is not believed t o  be true, because of the extremely 
They group about a single 

The t h i rd  hypothesis is that the satellites had been programmed with 
s l i gh t ly  erroneous o r b i t a l  data during this period. This i s  entire- 
l y  unknown at present, but i f  the f ixes  were t o  be recompted a t  a 
later date'using actual  o rb i t a l  parameters rather  than predicted, the 
e f f ec t  of these errors  might be deternined. 

The fourth hypothesis is that the charted position of Nidway Island 
is not its t rue position. This is felt t o  be possible due t o  the 
is land 's  isolated location and consequent lack of interconnectiag 
geodetic triangulation. Isolated geodetic as t ronodcal  positions 
may a l so  be i n  e r ror  due t o  lack of adequate gravity development i n  
an area. There was,  however, no information aboard t o  indicate the 
controll ing datum fo r  the charts, and t h i s  w a s  consequently assumed 
t o  be the  North American Datum. 

By ave rag ix  a l l  s a t e l l i t e  position deterininations it is found tha t  
the position of the ship, as determined by the s a t e l l i t e  system is  
280 13.084' N., 1 7 7 O  22,123' W. T h i s  is a difference of 0.204r north 
i n  la t i tude,  and 0.046t west i n  longitude. This is  an approxLmate 
esihakion of the  possible e r ror  i n  p s i t i o n  of the island, i f  this 
e r ro r  is indeed found t o  exist. 

The Navy S a t e l l i t e  Navigation System was accurate i n  tha t  it se t t led  
as closely about a single point as could be expected P o n  ,pastresults.  
Therefore the evaluation is favoraole at Midway Island, even though 
the  system did not s e t t l e  on the ship's charted ,position. 
analysis  of r e su l t s  and reconciliation of this difference should be 
attempted. 

Further 
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Midway Island t o  Johnston Island: 16. * 

The PIOWdER ran from ididway Island t o  Johnston Island from 2 1  June 
1965 t o  24. June 1965, with coring stations enroute. 
time, twenty-six s a t e l l i t e  f ixes were attempted and twenty-five 
actually obtained. 
pass angle was too low. 

During this 

One was not obtained because the satell i te 's  
T h i s  is a percentage successful of 9&. 

Accuracy comparison was made with Loran C ,  Loran A, and a sun line. 
Eleven s a t e l l i t e  fixes were obtained for comparison with Loran C, 
and these had an average error of 0.33 miles. 
served was 1.05 miles, t h i s  i n  comparison with a sun l i ne  also. 
Twelve sa t e l l i t e  fixes were compared with Loran A or a combination of 
Loran A and Loran C, and these had an  average error  of 0.49 miles. 
The largest  error  observed w a s  1.30 miles, but t h i s  is  believed due 
t o  the variations i n  the Loran A system. The bran C had a possible 
variance and inaccuracy also, due to  the set having j u s t  been repair- 
ed. The Electronics Department had been working on the Loran C ever 
since the beginning of the cruise, and had j u s t  been successful i n  
making repairs t o  it. 

The largest  e r ror  ob- 

The azimuths of these errors  had no observable trend and are con- 
sidered random for  both means of comparison control. 

The s a t e l l i t e  system is  therefore judged t o  have performed satis- 
factor i ly  on this leg of the cruise. 

Dockside, Johnston Island: 

On 24 and 25 June 1965, the PIONEW obtained three s a t e l l i t e  fixes 
while rnoored a t  Johnston Island, using sextant angles for  comparison 
control. 

The average error of these fixes was 0.20 miles, and as  a t  Midway 
the azimuths were not random. A t  Johnston Island, however, the 
errors were a l l  i n  a southeasterly direction. 

It i s  realized that  three s a t e l l l t e  fixes are not enough of a samp- 
l i ng  t o  make conclusions. Perhaps, though, the fixes a t  Johnston 
I s l a n d  were subject t o  similar influences as those a t  'Midway. 

The s a t e l l i t e  fixes grouped as closely as could be expected, but 
i n  a different location than the ship's charted position, and the 
system is judged t o  have performed sa t i s f ac to r i ly  a t  Johnston 
Island also. 
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Johnston Island to  Honolulu, Hawaii :  

The PIOlTEIER ran from Johnston Island to Honolulu on 25 and 26 June 
1965 and attempted fourteen s a t e l l i t e  fixes on the way. Twelve of 
these were successru1, fo r  a percentage or" 8f$. 

Two f ixes  were missed, one because of a computer lnalflrnction and 
the other because of low pass angle. 

O f  the twelve fixes obtained, three were obviously very bad, having 
er rors  or" 4.75 miles, 2.50 miles, and 2.03 miles. The cause of these 
erroneous fixes is not known, but is perhaps due t o  the computer pro= 
gram deficiency called " s c a l h g "  . 

%calingW i s  a program deficiency only, and has been corrected on a 
later computer program tape. As explained by APL, nscalingn happens 
only between the la t i tudes  of 300 N. and 300 S., and does not apply 
t o  a l l  fixes i n  these lati tudes.  Far a f e w  satellite passes, how- 
ever, it may cause the computer to  compute an erroneous fix. T h i s  
w a s  not detected even as a possibil i ty very often on OF%-457, but 
is believed t o  have applied t o  a f e w  fixes. 

The remining nine of the twelve fixes were compared with Loran A 
and b r a n  C ,  and had an average error of 0.42 niles. 
not seen to be random i n  azimuth, but fall  i n  a generally easter ly  
direction. 

The errors do 

It is not known with certainty what the cause of this is, but the 
hypothesis advanced in  the section of this report on accuracy on in= 
port fixes i n  Honolulu, H a w a i i  may be re la ted  t o  this effect.  

The errors ,  although not random wi th  respect t o  the h r a n ,  were such 
tha t  they could not be detected in the smooth plot. 
satellite fixes were u t i l i zed  on the smooth-plot on t h i s  l eg  of the 
cruise, and the system performance was ra ted very good. 

Therefore the 

Dockside. Honolulu. H a w a i i :  

The PIONEER w a s  moored i n  Honolulu, H a w a i i  from 27 June 1965 t o  
30 June 1965, first at Pier 40, Axmy Transportation Terminal and 
then she w a s  moved to Pier 39, Amy Transportation T erminal on 
29 June 1965, remaining there unt i ldepart ing.  
her posit ion w a s  determined by visual means and by sextant angles. 

In both locations 

During t h i s  time the ship attempted sixteen s a t e l l i t e  fixes and ob- 
tained fourteen, a successful percentage of 88%. 
missed, one due t o  conputer malfunction and the other t o  l o w  pass 
angle . 

Two fixes were 
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The fourteen fixes obtained were subject t o  very unusual errors  
with respect to the charted positions of the ship, both i n  magnitude 
of errors  and aeinuths of errors. 
of 0.31 miles, and ranged from a low of 0.17 miles t o  a high of 0.38 
miles. 
in-port results,  but the f ac t  tha t  the azimuths on a l l  fourteen fixes 
are  nearly constant is  even more unusual, 
ed is believed i n  t h i s  instance t o  be large enough t o  lend serious 
credence to these results. 

The errors  had an average magnitude 

T h i s  alone would be quih  unusual with respect t o  previous 

The number of f ixes  obtain- 

The same four hypo-theses which were considered i n  the f ixes  taken a t  
Midway Island are also t o  be considered a t  Honolulu, Hawaii. 

The first, tha t  the system i t s e l f  i s  subject t o  special  errors  i n  
th i s  part of the earth, is  again not considered plausible because 
o f t h e  nature of the system. 

The second, that  the PIONEER'S gear may have been malfunctioning, does 
not seem possible i n  view of the consistency of the results. 

The third, that the s a t e l l i t e s  may have been injected with erroneous 
data, i s  possible, but does not seem ?robable i n  view of the period of 
time over which these resu l t s  were obtained. The s a t e l l i t e s  are re-in- 
jected with data approximately every twelve hours, and it i s  not pro& 
able that they would be injected with equally erroneous data for  four 
consecutive days. However, the fixes should be recomputed using actual 
orb i ta l  data for  this period, i n  order t o  eliminate t h i s  possibility. 

The fourth hypothesis, tha t  the Hawaiian Islands are not actually chart- 
ed in  the i r  correct location on the ear th  m a y  be the one which is not 
easily rejected. 
the same reasons; Lack of interconnecting geodetic triangulation, and 
geodetic astronomical positions being affected by deflection of the 
ver t  i c a1 , 

This i s  as possible as it was at Midway Island for 

There are  two supporting pieces of evidence for this hypothesis. 
first is  the series of fixes obtained i n  Honolulu. 
of evidence i 3  i n  the trackline run from Honolulu t o  San Francisco 
using s a t e l l i t e  control. 
until approximately 500 miles out of H a w a i i  on the trackline, and 
the S W  r a t e  was noticed t o  be plott ing rather consistently north 
of the trackline as plotted using satelute  fixes. Rate SHWC has 
i t s  master s ta t ion on Johnston Island and its slave s ta t ion  on the 
island of H a w a i i ,  The l ines  of position are roughly parallel t o  the 
trackline, and were observed t o  be s l igh t ly  north of the s a t e l l i t e  
trackline near Obu. T h i s  distance increased as the distance from 
tho Hawaiian Islands became greater, finally becoming consistently 
approximately a mile north of the trackline i n  t?ae v ic in i ty  of 280 No 
lat i tude,  and U $ O  W. longitude. 

The 
The second piece 

The Loran C on t h i s  trackline was received 
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This is  viewed as sugmrting evidence because or" the consistency 
or" the Loran C readings; and because of the f ac t  t ha t  i f  the 
H a w a i i  end of the Johnston-Hawaii SH4.X baseline w e r e  moved as shown 
by the s a t e l l i t e  fixes i n  Honolulu, it  would have the ef fec t  of mov- 
ing the lines of position of SH1$: so that they would coincide very 
closely with the s a t e l l i t e  trackline, on the North dmerican Datum. 

These two pieces of evidence, viewed together, make f'urther imresti- 
gation or" t h i s  discrepancy necessary. 

By averaging the s a t e l l i t e  fixes taken i n  Honolulu at  Pier 4.0, the 
position of the ship would be 21' 19.098* N., l57O 52.898' W., on the 
North American Datum. 
0.266' N., and minus 0.190* W. 

T h i s  i s  a difference i n  position of ininus 

It must be realized that the H a w a i i a n  Islands are charted on the Old 
Hawaiian Datum, w h i J e  the s a t e l l i t e  fixes were reduced t o  the North 
American Datum. - ed i n  an incorrect location as the la t i tudes and l o q i t u d e s  are on a 
local da4mu. They may be charted in a different  location than they 
would be i f  the North Anmican Datum were extended to  the Hawaiian 
Islands. T h i s  extension maybe desireable, since both datums are based 
on the same reference spheroid, Clarke ' s  Spheroid of 1866. T h i s  may 
be the first t i m e  such an extension has been possible, even approxi- 
mately, but f i n a l  precise interconnection w i l l  have t o  be done by 
other means, such as satellite trangulation. These r e su l t s  may pro- 
vide an approldmate t i e  between the Old Hawaiian Datum and the North 
American Datum. T h i s  may be of some help i n  furthering the estimate 
of the ear th 's  actual  shape. 

Therefore, as uuch, the islandsare not actually chart- 

The s a t e l l i t e  system performed well i n  its consistency of position 
with regard t o  a point, even though t h i s  point w a s  not the charted 
position of the PIONEER. 
tho system i n  Honolulu. 

The evaluation is therefore favorable for 
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Honolulu, Hawaii t o  San Francisco, California: 

The PIOhFB sailed *on Honolulu to San Francisco frm 1 July  1965 
u n t i l  6 July 1965. 
e l l i t e  fixes. 
one fixes taken successfully. 

Enroute she attempted t o  obtain fif ty-five sat- 
An average oT 75% were obtained, amounting t o  forty- 

Fourteen f ixes  were not obtained, and compter malfunctions, probably 
i n  the prograq tape reader head, were responsible for nine of these. 
Operator e r ror  i n  data entry was responsible for  three missed fixes, 
and low pass  angles 02 s a t e l l i t e s  responsible fo r  the remaining t.YIo. 

The s a t e l l i t e  f ixes  were again used whenever possible i n  smootn-plot- 
t ing the trackline, because a t  most times these were believed t o  be 
the most accurate estimate of position. However, twenty-four of the 
forty-one f ixes  were not, used i n  the smooth-plot. 
ty-one were rejected by small amounts, the average of these amounts 
being 0.39 miles. 
conpared with any available conventional control, which was mainly 
Loran A, but included some Loran C and some ce l e s t i a l  fixes. 
average of the errors  when compared with Loran A was 0.95 miles, but 
of t h i s  is believed due t o  the variance of the Loran A. One f ix  was 
compared d i rec t ly  with Lorar? C ,  the error  being 022 miles. Only one 
r a t e  of  the Loran C was functional a t  the t ine,  however. 
were compared with sun lines,  the average error  being 0.38 miles. 

Most or' these twen- 

The f ixes  which were used i n  the smobth-plot were 

The 

Two fixes 

One sa t e l l i t e  f i x  was compared direct ly  with a ce l e s t i a l  fix, and 
other s a t e l l i t e  fixes were indirect ly  compared with ce l e s t i a l  fixes 
by means of the positions dead reckoned between then. 
sons were all extremely good, and provided additional jus t i f ica t ion  
€or belief i n  the accuracy of the satell l te trackline. 

These compari- 

As mentioned i n  the Honolulu, H a w a i i  in-port accuracy section of this 
report, the StL4.X Loran C rate had a consistent difference with the 
l i ne  of  s a t e l l i t e  fixes. 
e l l i t e  fixes, the distance north increasing as the s h i p  went further 
from the islands. This was used as evidence i n  support of the hypo- 
thesis about H a w a i i ' s  mislocation. 

It consistently plotted north of the sat- 

The-azimuths of the errors  i n  s a t e l l i t e  f i x  comparisons appeared 
again t o  be random, with the exception o f  the Loran C SHWC rate 
mentioned above . 
The accuracy of the s a t e l l i t e  gear is therefore considered very good 
on t h i s  leg of the cruise. 
system on th i s  leg was the large number of comytcr fa i lures ,  prob- 
ably due t o  the tam reader head malfunctioning. 

The only detraction from the value of the 
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. 
The s a t e l l i t e  navigation system nust be readily accessible t o  the 
Hydrographer, as he uses the f ixes  and has a l l  the irdorzation neces- 
sapr i n  manual data entry. 
chart table i n  the  charthouse of the PIONEER i n  order t o  sa t i s fy  
this requireaent. 
er t o  monitor a l l  passes of the s a t e l l i t e s  and also to obtain s i iu l -  
taneous control fo r  co.nparison w i t h  s a t e l l i t e  fixes. 

The equi,ment w a s  mounted on the forward 

I n  t h i s  location it is possible for  the ,iydrograph- 

T h i r t y  t o  for ty  minutes are  required t o  obtain a satellite fix. How- 
ever, only about ten ainutes' t h e  is actually required of the H y d r o -  
grapher, leaving hia re la t ive ly  Tree for  h i s  o t t e r  duties. This ten 
minutes, though, is scattered over the t h i r t y  t o  for ty  rninutes requir- 
ed i n  obtaining a fix. Kost of the tire required i n  obtaining Zixes 
i s  t i m e  spent i n  tracking the s a t e l l i t e  aztanatically,  and w a i t i n g  
for  the compter t o  process the inforzit ion and co-npute the fix. 

O n l y  two s a t e l l i t e s  were available during tho cruise, and satellite 
fixes were available very hour and forty-fivs ninutes for  a Lpriod of 
seven or  eight hours. Then after this period triey were not available 
a t  a l l  for  about six hours. Therefore, some type of continuoas con- 
t ro l ,  such as h r a n  k or  Loran C, is desireable between s a t e l l i t e  fixes 
when trying to  maintain a course on a l ine  or  se r ies  of lines. T h i s  
may be used during the periods of no s a t e l l i t e  fixes to give soae in- 
dication of whether o r  not the ship i s  maintaining the l ine  wnicn it 
is trying to follow. 

Space required for  the equipentwas  a problem aboard tne 210iGikB. 
While it was necessary t o  mo'mt the s a t e l l i t e  gear i n  the chart room, 
very l i t t l e  space w a s  available due t o  other equi-ment already i n  
place. The s a t e l l i t e  gear requires a base area of approximately four 
f e e t  by s ix  fee t  for  the receiver, computer, and control head. The 
computer requires a ver t ica l  clearance of epproximtely three feet, 
the other lmits s l igh t ly  less. 
t e s t  device, b u t t h i s  would require additional base area of two f ee t  
by three feet, and two and one-half fee t  of ver t ica l  clearance. 

T h e  PIOXEER does not have t i e  computer 

The  only location which would f i t these  requirenents aboard the PION2EFt 
w a s  the forward chart table  i n  the chart room. T h i s  chart table w a s  
overlaid with a piece of 5/SW plyuood, upon which the gear w a s  install-  
ed. T h e  location has proved quite sntisi'actory and convenient, though 
completely f i l l i n g  the former chart table. 

The power source gave some problems a t  cer ta in  tiies, but t h i s  is  be- 
Ueved t o  have been largely overcone. Nornal ch&nging of generators 
while underway under no extreine power demnd, is  not known to  have 
caused any computer failures.  On the first coring statior,  on the Attu 
t o  Midway leg of the cruise, the co.nputer dit2 :nelfunction because of 
power fluciuatioris. The heavy winches, when s tar ted or stopped, caus- 
ed sudden l ine  voltage chaages which at  tilnes comgletely s t o p e d  the 
computer i n  mid-o;leration, also c h q i n g  the memory content of the 
conputer. This made tine f i x  irretrievable a t  the t i m e ,  because the 
menory is essent ia l  t o  the computer. A t  some other t i l e s ,  min3.y on 
tape reader head ;.lalfunctions, the f ix  was retrievable ab certain steps 
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i n  the  program, by restar t ing the section of program tape which had 
been misread. This w a s  possible only i f  the memory content had not 
been changed during the operation. 

The s l igh t  power fluctGations of normal ship operations had l i t t l e  o r  
no effect  and’apparently e lectr ical  noises and power spikes were 
suaEssfully overcome by use of isolat ion transformers i n  the power 
feeds t o  the receiver and computer. The fai lures  on corilig stations 
could be eliminated, it wqs found, by running the heavy coring machin- 
ery with power froa the shipls emergency generator. 
a l l  subsequent core stations, and the computer showed a much lower 
failure rate. 

This w a s  done on 

The antenna system is  connected t o  the receiver by a 200-foot long 
cable supplied with the gear. 
ing an antenna location aboard ship, since the antenna can be placed 
anywhere the 200-foot cable w i l l  reach. The antenna i t s e l f  is  small 
but heavy. It i s  approxinately four f ee t  i n  dianeter horizontally, 
measures about three and one-half f ee t  ver t ical ly ,  and weighs about 
forty ,pounds. 
sky as possible, masthead mounting being optimum. T h i s  was Lnpractical 
aboard PI01;ER due t o  an existing radar ins ta l la t ion  a t  the top of the 
mast. The location f ina l ly  chosen was atop a ten-foot stanchion bu i l t  
of four-inch iron pipe a t  the extreme forward edge of the ?IONmR1s 
flying bridge. 
forward back t o  both quarters of the ship, but there was some shading 
a f t  due t o  the m a i n m a s t ,  i ts  two radar dishes, and mast rigging. T h i s  
caused only two f ixes  t o  be missed during the en t i re  two-month cruise, 
however, and its ef fec t  is judged to  be of l i t t l e  importance. 
was l o s t  on a few other passes due t o  t h i s  cause also, but was quickly 
regained with enough two-minute intervals remaining t o  compute a fix. 

T h i s  allows relat ive freedom i n  choos- 

The antenna must have as clear  a view of the ent i re  

This location gave a completely clear horizon from 

b c k  

Heat was no problem i n  the equipment during the entire cruise, and no 
extra cooling equipment had t o  be provided. However, it is stated in 
the computer instructions tha t  the llRun-Loadll switch on the program 
tape reader must be l e f t  i n  the llRuntl position when the computer is 
on. 
which is  on only i n  the llRuntl position. 
germanium transis tors  which, being next t o  the conputer power supply, 
could overheat and be damaged otherwise. 

Th i s  i s  necessary because of a cooling fan i n  the tape reader 
The tape reader uses some 

Observations were not affected by weather conditions and were inade 
successfully i n  a l l  weathers. 
rough water did cause premature loss of lock on satellites i n  some 
instances . 

However, heavy ro l l ing  of the ship i n  

There was no trouble with the s a t e l l i t e  gear i t s e l f  other than with 
the l ight bulb i n  the progran tape reader head. 
send a focussed band of l i gh t  through punched holes i n  the promam 
tape as it moves through the tape reader head. 
through the holes must be strong enough t o  be tlseenll by photo-voltaic 
c e l l s  immediately below the tape. 

T h i s  bulb is used t o  

The l i gh t  which passes 

These photo-voltaic cells then 
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. convert the  l igh t  wnich h i t s  them into e l ec t r i ca l  impulses whict 
form istructions t o  the cor!~puter. Every im?ulse must be correct 
or the con3uter w i l l  not coropute a proper navigational fix. 

THe focussing of this beam is quite c r i t i ca l ,  as iihe ?hot-voltaic 
ce l l s  w i l l  not respond to  a weak beam of l ight.  This  has been a 
major problem with the equipment thus lar. 
the  manu"acturirig process, the l i gh t  bulbs are not the same from 
one t o  the next. S0.e bulbs are quite dii 'ficult t o  20cis pro_perly, 
and some require changes i n  the i r  adjusbent  a2ter a period oi' use. 
T h i s  latter is perhaps due i n  some measure t o  the motion and vibration 
of the ship at sea, as very l i t t l e  trouble has been ex-erienced with 
the l i gh t  bulb w h i l e  i n  prt. 

Due t o  var izbi l i ty  i n  

This has been at, most times the only adjustxent necessary t o  r i d  the  
system of the "comFuter ~alflmctions" l i s t e d  i n  the tabulations olr 
data. Steps 
are being taken t o  : i i i n M ~  i ts  effect even i f  it cannot be entirely 
eliminated. The focussing of the beam is  being checked a t  least dai ly  
i n  order t o  keep it within proper tolerances. An additional proow. 
tape has been praqised by the Applied Physics Laboratory of Johns Hop 
kins 'Jniversity which w i l l  perLnit recomputation of missed fixes i f  
adequate data w a s  received from the sa te l l i t e .  It w i l l  permit manual 
re-entry of a l l  data received from the  satellite, and recomputation 
of the navigational fix, which is  not possible a t  present. 

These steps should help t o  greatly increase the percentage of success- 
f u l  fixes. 

It is  viewed as a fairly serious and continuing ?roble,m. 

The only other known cause of equipment failure w a s  dust collecting 
on the tape reader head. 
03 the dust with asmall nylon brush. 

T h i s  required only a quick, simple removal 

The in te l lec tua l  requirement fo r  operating the system is not great. 
The system requires only a correct sequence of button-.mshing and 
proper data entry, which are both very simple. Although a f a c i l i t y  
for  re ject ion of incorrect data which as been rxistakenly entered is 
provided i n  the system, incorrect data entry is a major source of 
failure to obtain fixes. The renedy Tor t h i s  is  a closer at tent ion 
t o  d e t a i l  by the operator, familiari ty with the system, and a system 
of two people checking the data t o  be entered. Thefirst two of these 
are gradually coming about, and the extra checicir,(s procedure has been 
ini t ia ted.  
enable these fixes t o  be recomputed if necessary. 

The recomputation prograo tape mentioned above should 

Only routine minor maintenance has been necessary t o  date. 
Electronics Technicians are quite capable of  this. 
thing major ever go wrong with the compdter, it i s  doubtful if anybody 
a t  a l l  could repair the gear wibhout the computer test device, which 
w e  do not have. 

The PI0N"r;ER's 
However, should any- 
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The s a t e l l i t e  navigation system has the capabili ty of being moved t o  
another ship very easily. 
t ion  of the gear other than physically locsting and securing the gear. 
The i n i t i a l  ins ta l la t ion  aboard the PIONdZ?? took four men only about 
three days; it was only necessary t o  plug i n  the equipment, w a r m  it up , 
and start using it. Much of the equipment has since been replaced with 
new gear, and there were no new problems associated with removal and 
replaceqent. 
complish th i s ;  the new gear a lso worked bmediately after warm-up. 

There are v i r tua l ly  no problems i n  instal la-  

It required three men s l igh t ly  less than one day t o  ac- 
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. S b l W Y  AND COWLUSIaNS 

During the two :nonths covered by this report the Navy S a t e l l i t e  
Navigation System has proven t o  be accurate and reliable.  It is 
reconmended as an eTficient means of  con&olling deep-sea survey 
work. I 

I 

The underway accuracy of the system as established by the best 
types of comparison control aboard the ?IQI?&R, sextant angles, 
visualbearings,  and shoran, is  approximately 0.17 miles average 
error. 
i n  error. With other types of uncierway conparison control, the 
accuracy a?pears somewhat worse, but this is believed due more t o  
the var iab i l i ty  of the standard control ra ther  than t o  decreased 
accuracy of the s a t e l l i t e  system. 

Approlcinately 9% of underway f ixes  are  l e s s  than 0.35 miles 

Dockside accuracy is of the  same order, with an average error  of 
approximately 0.16 miles. 

Rel iabi l i ty  of the system is established by the f ac t  tha t  of 418 
attempts made t o  obtain fixes, 347 were successfully obtained, or  
a &percentage of 83%. If low pass angles, over which there is no 
control, are elininated, 399 fixes were attempted and 347 were obtain- 
ed. 

The percentages, though, are made more meaningful by separating in- 
port f ixes  from underway fixes. Again eliminating low pass angles, 
the over-all success ,percentage for  bzport f ixes  w a s  94%. 
error  was responsible for  2% of the attempts being missed, and the 
coL.iputer malfunctioned 4% of the time. 

This is 87% successL221, which i s  a highly re l iab le  system. 

Operator 

For underway attempts, el ininating low pass angles, the system w a s  
successfld only 84% of the  time. Operators nade errors  on 5% of the 
attempts, and miscellaneous reasons were responsible 3% of the t h e .  
The important percentage here i s  that  the curnputer malfunctioned on 
ab-os t  8% of the underway fixes attempted. 

T h i s  re la t ive ly  large percentage of malfunctions is believed due t o  
one priiiary cause, the l i g h t  bulb i n  the tape reader head. The fo- 
cussing of this bulb depends on a straight horizontally suspended 
filament which appears t o  be sensitive t o  vibrations of the ship 
underway. T h i s ,  however, is the only complaint about the system 
components. The remainder of the  system has been extremely reliable. 

Jhe t o  the re la t ive  infrequency of the f ixes  obtai-, it is believed 
t h a t  some type of continuous control should be used t o  augment the 
s a t e l l i t e  system. 
ce l l en t  check on each other, and allow the position of the ship t o  
be known qui te  accllrately a t  any desired moment. 
i n  maintaining course on a preset system of lines t o  be surveyed. 

The two systems, used i n  this way, provide an ex- 

T h h  is  invaluable 

The overal l  evaluation of the Navy S a t e l l i t e  Navigation System is 
very favorable for use by the Coast and Geodetic S w y  i n  deepsea 
t rackl ine  survey work. 
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